Delamination is often the mode of failure in laminated composites. Therefore the quantification of delamination fracture energy is of vital importance. In this work. externally stepped graphite/epoxy (T300/934) laminates are tested in flexure. resulting in a series of delaminations at 0/90 interface. The delamination fracture energy is calculated based on the strain energy released and is found to be 535J/m2.• This valueis in goodagreement with the mode II strain energy release rateobtained by otherworkers.
Introduction
Delamination is often the observed mode of failure in laminated fiber reinforced composites. The common causes of delaminations include manufacturing defects, impact damage. free edge stresses and transverse cracks. Recently, Gopal [1] showed the occurrence of delaminations originating at step comers of a tapered composite laminate. The delamination strain energy release rate, G e , is commonly measured by Double Cantilever Beam (DCB) and End Notched Flexural (ENF) testing. Mixed Mode Flexural (MMF) and Cracked Lap Shear (CLS) specimens are also in use [2] . In this work, the delamination fracture energy of 0/90 interface of graphite/epoxy (T300/934) was measured from the delaminations occurring at the step comers of tapered laminated beams.
Experimental
Externally stepped laminate was hot pressed using T3001934 prepreg tape. A curing temperature of 1770 C and pressure of 1 MPa was applied. The external steps were created by means of ply terminations at regular intervals along the length of the laminate. The step width was kept at 7 mm and step thickness was equal to the ply thickness. The 00 and 900 plies were stacked alternately to obtain a symmetric cross-ply tapered laminate. Two beams of width equal to 17.5 mm were sliced from the cured laminate using a diamond saw. The sides of the beams were ground to a smooth finish. These beams were tested in three-point bending on a MTS-810 machine at span lengths of 178 and 203 mm. The supports were designed to keep the mid-plane of the tapered beam horizontal. A schematic of the flexure testing is shown in Fig. 1 .
Results
The load vs displacement curves of the specimens A and B are shown in Fig. 2 . A series of sharp peaks were obtained, following an initial linear increase in load. Each peak corresponds to the initiation of a delamination at the step comers on the tensile and compressive sides of the specimen. Between two consecutive peaks, the increase in load appeared to be linear. However.
between peaks 2 and 3 of specimen A and peaks 3 and 4 of specimen B the trace is skewed. This is due to crack growth occurring at some previous delamination. Whenever a delamination initiated or extended, a Otuk' sound was heard very clearly. On hearing such a sound. the testing was stopped temporarily and crack length measurements were made. The delaminations always initiated from the step comer of a 0 0 ply and neverfrom a 90 0 ply. This is due to the higher stress concentration at the comer of a stiff ply as compared to thatof a soft ply [3] . The strain energyrelease ratedue to crack extension is classically definedas
where b is the specimen width, U, is the strain energy released and a is the crack length. The classical definition implies the existence of a crack of length a, which extends by Aacausing strain energy release AUa. Equation (1) is strictly defined as Aa goes to zero. However, in experiments G, is often measured for finite extension of a pre-existing crack. The basic effect of a pre-existing crack is that of stress concentration. PhysicaIIy, stress concentration can also be caused by other factors including a step comer. Thus the step comer can be treated as an equivalent pre-existing defect or possibly delamination. The actual crack initiation itself can be considered to be crack growth. This argument makes it possible to apply fracture mechanics analysis to our experimental data. We define the strain energy release rateas (2) where An is the shaded region in Fig. 3 corresponding to the n-delaminations and a, (i=1 to n) represents the most recent crack length. Alternately, we can also define the strain energy release rateas (3) where Aj is the shaded region in Fig. 4 corresponding to the i-th delamination. The difference between eq. (2) and eq. (3) is that the former takes into account the effect of the crack growth occurring in between twodelaminations. The eq. (3)essentiaily represents the strainenergy release rate due to the i-th delamination only. For this equation to work properly, crack growth at some arbitrary delamination must not interfere with the i-th delamination. The strain energy release rates were calculated using eqs. 2 and 3. The delaminations occuring at large displacements (> 8 mm) appeared to give rise to high G c values. This effect was particularly pronounced for specimen A which had a largerspan and consequently higher deflection.
After the first two or three delaminations, the stiffness of the specimen was lowered significantly, giving rise to large deflections. In addition, there was considerable amount of slipping at the supports, particularly at the thinend of the beam, resulting in a largeapparent beam deflection and hence a larger area under the load-deflection curve. Therefore, a significant proportion of slipping work has been included in the strain energy released. This explains the high G c values of the delaminations at large deflections. As such,only the G c values obtainedfrom the first two delaminations corresponding to lower deflections « 8 nun) can be considered to be accurate. Using the first two values of both specimens the average value of G c (1) and G c (2) were found to be 543 J/m 2 and 528 J/m 2 , respectively. The average of the twovalues can be taken as the delamination fracture energyof the material. Thus the delamination fracture energy, Gc. was found to be 535 J/m 2 .
Russel and Street [2] conducted delamination tests on ASl/3501-6 and obtained a GIIc of 458 J/m 2 from ENF specimen. Wanget aI. [4] havepresented the variation of On in the presence of a G} component in their specimen fabricated with TIOO/934. We extrapolated the resultof Wang et al. [4] so as to obtain the value of Guc corresponding to zero 01. This extrapolation gave a Guc approximately equal to 570 J/m 2 • Our experimental G c valuefalls in between the results of Russel and Street [2] and Wang et al. [4] . The agreement among these experimental results is encouraging. However, it should be pointed out that the results of Russel and Street [2] and Wang et al. [4] are for the interface between ()O layers whereas our resultis for the 0/90 interface. Wilkins et al. [5] , found equivalent results for % and 0/90 interfaces in mode II delamination. Their finding seems to validate the comparison made here. Hence, our value of G, seems to be an approximate measure of Gne. This comparison also indicates a shear dominated mode of delamination in the tapered laminates.
